We report the characterization of centimeter sized graphene field-effect transistors with ionic gating which enables active frequency and amplitude modulation of terahertz (THz) radiation. Chemical vapour deposited graphene with different grain sizes were studied using THz time-domain spectroscopy. We demonstrate that the plasmonic resonances intrinsic to graphene can be tuned over a wide range of THz frequencies by engineering the grain size of the graphene. Further frequency tuning of the resonance, up to ~65 GHz, is achieved by electrostatic doping via ionic gating. These results present the first demonstration of tuning the intrinsic plasmonic resonances in graphene.
INTRODUCTION
The Terahertz (THz) region of the electromagnetic spectrum has been the subject of extensive research during the past decade, due to the technological importance of this frequency range for various applications ranging from medical imaging and gas sensing to astronomy 1 . In particular plasmonics in graphene is of special interest, due to strong light-plasmon coupling in the graphene, which occurs at THz frequencies 2 (at room temperature) and can therefore be utilized in future THz components such as active optical modulators 3, 4 . Graphene which is a two dimensional hexagonal arrangement of carbon atoms 5 with a myriad of properties 6 has been demonstrated to be an especially useful material for optoelectronic applications 7 . The unique optical properties of graphene, for instance the transmittance and absorption can be expressed solely in terms of the fine structure constant 137 / 1 / 2   c e   , result from its unique band-structure where quasiparticles obey a linear dispersion relationship 8 . As a result the optical conductivity of undoped graphene is given by is given by σuniv =е 2 /4ћ and does not depend on any other parameter 8 . However doping graphene has a very strong effect on its optical properties 9 . Electrolytic gating graphene has been shown to achieve high doping concentration up to 10 -13 cm -2 and has been used to achieve an amplitude modulation in the visible range 7 . Plasmonic resonances in graphene which occur in THz frequency range 2 can also be tuned by electrostatic doping via ionic gating and will be an essential feature of future photodetectors working at THz frequency range 10 . In a two-dimensional system the transverse magnetic plasmon mode in the long wavelength limit with k 0, the plasmonic frequency is given by 12 . In an experiment with graphene in SiC substrate ELS showed the intrinsic surface plasmons in graphene strongly couple to the optical phonons of the SiC substrate 13 . Patterning graphene into micro-ribbon arrays, these surface plasmonic resonances can be engineered within the terahertz range as demonstrated by Long Ju et. al. 14 . Although plasmonic resonances in graphene meta-materials has been studied extensively [14] [15] [16] , there are fewer reports about intrinsic plasmonic resonances resulting from scattering with domain boundaries in graphene. In this paper we used ionic top gating to induce charge carrier concentrations of up to 10 -13 cm -2 probed plasmonic resonances in THz range by using THz time domain spectroscopy. We present a study of the intrinsic resonances which can be engineered by the growth conditions and can be further tuned using an ion gel top gate.
THEORETICAL BACKGROUND
Chemical Vapour Deposited (CVD) graphene is poly-crystalline in nature and the nucleation of graphene domains starts locally on the substrate of choice. Scattering of these plasma waves form the grain boundaries introduces resonances in the THz spectra, which could be studied with THz TDS. In a theoretical study by V. Ryzhii 17 a graphene field effect transistor has been shown to sustain plasma oscillations between highly conducting source-drain contacts. The plasma frequency scales linearly with the wave phase velocity, given by,
where plasmon wave phase velocity s given by equation 2,
If the phase velocity s exceeds the fermi velocity of Dirac quasiparticles in graphene then a plasma wave propagates at the interface between graphene and the ion gate. The phase velocity of such propagating plasma wave is a function of applied gate voltage via parameter g  given as . If this model is extended to account for the grains, then collective density oscillations of the electron liquid could form a standing wave after reflecting from the grain boundaries. Hence, we can substitute wave-vector k by,
is the diameter of the grains in graphene. Substituting these value in equation 3 yields the following relationship for plasma frequency ) (k 
GROWTH AND FABRICATION
The graphene was grown using the state of art chemical vapour deposition technique at 1050 0 C ; by altering the relative pressure of H2 and CH4 gas in the CVD chamber, graphene samples with two different grain sizes (average diameter of 20 µm and 5 µm) were grown 19 and then transferred from Cu foil on to a Si/SiO2 substrate. 20, 21 The transfer process involves PMMA and results in p-doping of the graphene sheet, which is clearly observed during the transport measurements. Raman spectra confirmed the presence of monolayer graphene of good quality with the G peak at 1580 cm -1 .and a 2D peak at 2700 cm -1 Standard photo-lithography techniques were used to define a square area of (4 × 5) mm 2 of graphene and the remaining graphene was etched away using the oxygen plasma etching. This was followed by another photo-lithography step to define the source, drain and gate contacts and deposited with Ti/ Au by thermal evaporation. An ion gel composed of a mixture LiClO4 in a polyethylene oxide matrix (in a ratio 0.14:1) was drop-cast on top of graphene to act as the top gate. The planar 2D geometry of the device structure allows for the gate contact to be isolated form the graphene sheet by 300 µm, hence reducing the leakage current. The sample with the ion gel on top was then annealed at 70 0 C for 6 hours to remove any moisture form the sample. Using an ion gel top gate we could induce a charge carrier concentration n ~ 10 13 cm -2 by applying a small bias ~1.2 V. This is because of an increased capacitive interaction (~2 µFcm -2 ) between the graphene sheet and the ion gate. In a back gate scenario, this capacitance is much smaller ~ 12 nFcm -2 due to thicker dielectric layer of SiO2 (300 nm) between graphene and Si substrate. Therefore it requires ~100 V to induce a carrier concentration of n ~ 10 13 cm -2 , which can be induced using ion get top gate with  1V.
MEASUREMENTS
Electrical transport measurements were performed at room temperature and under a N2 purged atmosphere, to improve the signal to noise ratio. Data acquisition was carried out using a HP spectrum Analyser in the configuration shown in the Fig.1 a) . With an applied gate voltage VTG as small as ~ 0.4 V we observed the charge neutrality point for the graphene 
Equation 7 above can be used to estimate doping concentration as a function of top gate applied voltage. It can be observed that we obtain a minimum value of doping concentration n at a certain finite applied voltage. Fig. 3 a) voltage negative to VCNP creates a hole doping. A minimum charge carrier concentration and hence minimum conductivity is achieved when the fermi level is at the charge neutrality point (CNP). This is observed in the plot of sheet resistance vs. gate voltage in Fig. 3 b) where sheet resistance peaks at VTG = 0.4V, suggesting that the fermi level is positioned at the CNP. 
a) b)
At a gate bias of 0.8V (+0.4V above the VCNP = 0.4V) we observe that the resonant feature undergoes a blue-shift of 65 GHz, confirming the surface plasmonic origin of the observed features, in agreement with the theoretical value of ~0.55 THz calculated using equations (2-4) in section 2. Moreover with an applied gate voltage as low as 1.1 V we achieve an amplitude modulation of approximately 14 % due to the changing density of states available for the Drude like intraband absorption in graphene. The origin of such plasmonic features could be attributed to the polycrystalline nature of graphene and plasmon scattering at grain boundaries at high doping, induced by top gate. 23 In another sample having smaller grain sizes (Fig. 5) 
The plasmonic resonances observed in graphene are also sensitive to the defects and the plasma oscillations gets damped during propagation. In order to improve S/N ratio and gain further understanding about the origin of these resonances, we could use a THz pump probe setup, where a pump source will illuminate the graphene and make the conductivity negative, due to a population inversion. In such a non-equilibrium state, the plasmonic oscillations would be amplified during propagation and much easier to detect with the THz probe beam. 24 
CONCLUSION
We have demonstrated the first realization of the gate tunability of intrinsic THz plasmonic signature in graphene. These plasmonic resonances can be engineered through CVD growth conditions, across the THz frequency range. The graphene with an average grain diameter dgrain = 20 µm revealed plasmonic resonances ~ 0.54 THz while grains with d = 5.5 µm showed a plasmonic response at ~2.7 THz. These plasmonic resonance could be further tuned by applying a top gate bias. For the 20 µm grain diameter, the plasmonic resonance at ~ 0.54 THz can be actively tuned and by modifying the charge carrier concentration n, using a top gate and we demonstrated a frequency tuning of up to 65 GHz. These results pave the way towards a better understanding of the origin the plasmonic resonances in graphene by relating them to the grain size in graphene. In conclusion this work not only provides fundamental insight into the plasmonic response of graphene grain and grain boundaries but also demonstrates a practical application of large area graphene, that is most sought after for future THz opto-electronic components.
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